We predict a new electron pair-tunneling (PT) resonance in non-linear transport through quantum dots with positive charging energies exceeding the broadening due to thermal and quantum fluctuations. The PT resonance shows up in the single-electron transport (SET) regime as a peak in the derivative of the non-linear conductance, d
Introduction. Electron tunneling spectroscopy has nowadays become a standard tool for investigating the in situ properties of single-electron transistors based on quantum dots in semi-conductor hetero-structures, nanowires, carbon nanotubes and even single molecules. The basic spectroscopy rules derive from the simple energy resonance conditions for single-electron tunneling (SET) onto the dot. As a result, the bias positions of differential conductance (dI/dV ) resonances depend linearly on the gate voltage due to capacitive effects [1] . In addition, inelastic cotunneling (COT) processes can often be distinguished as steps in dI/dV [2] , allowing for spectroscopy of quantum dot excitations with increased energy resolution [3] . Here an electron is transferred from the high to the low biased electrode through the dot, using the excess bias-energy to excite the dot by an energy ∆ǫ. Since these electron-hole charge transfer resonances involve only a virtual charging of the dot, they appear at a bias threshold V = ∆ǫ, independent of the gate voltage. These processes arise only in second order perturbation theory in the tunnel rate Γ.
In this letter we show that, in the same order of Γ, electron pair-tunneling (PT) gives rise to distinct, measurable transport effects which, to our knowledge, have been overlooked so far. In a single coherent process, a pair of electrons is extracted from (added to) one electrode, resulting in a real (dis)charging of the dot by two electrons, involving a positive charging energy much larger than broadening due to thermal and quantum charge fluctuations. The corresponding PT resonance appears deep inside the SET region where a finite current is flowing and its position has the same gate-dependence as SET resonances. It might thus be mistaken for a weak SET resonance belonging to some excited state and one might thereby extract an erroneous level-structure from the spectroscopic data. We show how the PT resonance can be distinguished from other types of first and second order processes and what additional information can be extracted from it. Since spectroscopic data obtained from single-electron transistor devices are often non-trivial to interpret we provide several independent criteria for its experimental identification, namely the resonance shape and the dependence on temperature, magnetic field and junction asymmetry. The PT processes discussed here completely lack any signature inside the Coulomb blockade region where SET is exponentially suppressed. In this region a different type of pair-tunneling resonance occurs which is much weaker than the one discussed here since it appears only in the third order in the tunnel rate Γ [4] . Also the latter pair-tunneling process involves neither real nor virtually doubly occupied states (i.e. remains finite in the U = ∞ limit). Second order pair-tunneling resonances were discussed previously for the rare case of negative Coulomb charging energy (i.e. effective attractive electron-electron interaction) [5] , related to pair-tunneling in superconducting grains [6] , where SET is suppressed by the superconducting gap. Also Kondo effect involving electron pairs have been discussed in this limit [7] . Here we consider the experimentally most frequently occurring case of strong positive charging energy. described by the Hamiltonian H = σ ǫ σnσ + Un ↑n↓ , consists of a single orbital with energy ǫ σ and occupa-
Model
Here ǫ ↓ − ǫ ↑ = h equals the Zeeman energy and U is the finite positive charging energy. We let N = σn σ denote the electron number on the dot. The many-body eigenstates are |0 , |σ and |2 with energies E 0 = 0, E σ = ǫ σ and E 2 = σ ǫ σ + U . The dot is coupled by a tunneling Hamiltonian,
The electrons in the reservoirs are assumed to be noninteracting, with operators c † rkσ , c rkσ for state k and spin σ in electrode r = L, R. The tunnel amplitudes can be expressed in the tunnel rates Γ r through T r = Γ r /2π. Throughout the paper we use natural units where = k B = |e| = 1, where −|e| is the electron charge.
Let us first present the basic physics. Fig. 1 shows a schematic comparison of tunneling processes for the spin-degenerate Anderson model when E σ is larger than the average chemical potential µ of the reservoirs, such that the quantum dot is unoccupied at zero bias voltage, V = 0. We take µ = 0 and assume symmetric biasing such that µ L = V /2, µ R = −V /2. At low bias transport is dominated by cotunneling involving virtual occupation of state |σ . For larger bias, |V /2| > E σ − E 0 , electrons can sequentially tunnel into and out of the dot, involving real occupation of state |σ . In this regime double occupation of the dot through two consecutive SET processes only becomes energetically allowed when additionally the energy difference E 2 − E σ is below the chemical potential of one lead, i.e. when |V /2| > E σ + U . Midway between these resonances the coherent tunneling of a pair of electrons from the same reservoir becomes possible, i.e. at the resonance condition:
The corresponding process is shown in Fig. 1(c) . One can think of this as one electron from just below the Fermi level of the left reservoir tunneling onto state |σ , leaving an excess energy ∆ = U/2, which can be used to assist the second electron in reaching state |2 . Thus, the total PT process is energy-conserving. However, since there are no internal degrees of freedom on the dot to store the energy ∆, these two processes have to take place coherently in the short time set by the time-energy uncertainty relation. Experimentally, the dot energies can be controlled linearly by the gate voltage V g . This produces the characteristic Coulomb diamond figures in differential conductance color-maps as function of gate-and bias voltage [1] . Since the resonance condition (1) 
Transport calculation. The pair-tunneling resonance is visible in the transport spectrum when the charging energy is larger than both the tunnel rate Γ and temperature T , and originates from coherent two-electron processes which become important with increasing Γ. We can address the interesting regime U > T > Γ using the real-time transport theory [8] , which allows systematic treatment of processes beyond lowest order in Γ, while accounting for the competition of single-and two-electron processes, essential at the PT resonance. The central task is to calculate the stationary reduced density matrix of the dot in the basis of many-body eigenstates, which is done using a kinetic (master) equation. From this density matrix the current flowing out of reservoir r, I r , can be calculated. The required transport rates are calculated perturbatively up to second order in Γ and are given by the analytic expressions which we derived for a general model in Ref. [9] . Importantly, all coherent oneand two-electron processes are included and the Coulomb interaction U is treated non-perturbatively. Fig. 2 (a) and (b) show the differential conductance as a function of gate and bias voltage, where in (b) the spindegeneracy is lifted by an applied magnetic field. SET processes give rise to the strong yellow lines which cross at zero bias at the charge degeneracy points. In (b) additional gate-independent steps show up in the N = 1 Coulomb blockade region, indicating the onset of inelastic cotunneling leading to occupation of the excited spinstate. Subsequent relaxation of this state by SET gives rise to additional gate-dependent lines in the Coulomb blockade region, as described e.g. in Refs. [10, 11] . Clearly separated from these other resonances, the PT resonance associated with an electron pair tunneling onto (off) the dot appears as a gate-dependent step inside the SET region, indicated by a red solid (green dotted) arrow in (a). Considering the resonance position and its voltage dependence only, the PT could be mistaken for a weak SET process involving an excited state of the N = 1 charge state with energy ∆ = U/2 relative to the N = 1 ground state. However, the resonance shape provides one crucial clue to the identification as PT: in Fig. 2(c) we show a bias trace along the red vertical line indicated in Fig 2(a) , where it is seen that the PT resonance appears as a peak in d 2 I/dV 2 , rather than in dI/dV as for SET. The reason is that, analogous to inelastic cotunneling, the number of electron states in the reservoirs available for a PT process is proportional to the bias voltage [2] . Another clear way to separate PT and SET resonances is that the PT resonance exhibits no Zeeman splitting, see Fig. 2(b) . The physical reason is that the tunneling of a pair involves a transition between states with the same spin (N = 0, 2 electron singlets), expressed by the appearance of the sum E ↑ + E ↓ in Eq. (1). Since PT relies on an empty or doubly occupied initial state, the resonances do not continue down into the linear transport regime, making PT an exclusively non-equilibrium effect. Additionally, in contrast to the magnetic field excitations, the PT resonances do not continue horizontally into the N = 1 Coulomb blockade region as inelastic cotunneling steps. In cases which deviate from the simplest capacitive model, the PT resonance shows an additional distinct property. In Fig. 2(b) the capacitances associated with the left and right leads were chosen unequal and the doubly occupied state has a larger gate-coupling (this might happen if the many-body wave-function of the doubly occupied state is localized closer to the gate electrode, or is less screened by the source and drain electrodes [12] ). This causes the diamond to be both tilted and skewed, but the PT resonance can still be found by taking the average bias voltage positions (c.f. (1)) of the N = 0 ↔ N = 1 and N = 1 ↔ N = 2 ground state transitions respectively.
The precise amplitude and shape of the PT peak are also crucial for its correct identification. Here an analytic expression for the peak is helpful, which can be obtained for U ≫ T, Γ, h. For this we focus on the upper left SET region in Fig. 2(a-b) (V > 0) where the PT involves the transition |0 → |2 with both electrons tunneling onto the dot from the left reservoir. Deep in the SET region the SET rates are constant, while all second order rates except the pair-tunneling are approximately linear in bias voltage. Here the PT peak is given by
There are only two independent terms in the perturbation expansion which contribute to the non-linear voltage dependence of the rate for tunneling with an electron pair from the left reservoir, W . These terms correspond to the real-time diagrams [8] shown in Fig 2(d) . The corresponding integrals can be solved analytically [9] without the need for ad hoc regularization. Eq. (2) shows that the peak in the derivative of the differential conductance directly maps out the energy dependence of the pair-tunneling rate. Neglecting all terms not contributing to the PT peak in the second derivative, assuming equal capacitances to the left and right reservoirs, we are left with
The resonance condition (1) is seen in the argument of the function It is of interest to compare the PT with the inelastic COT, which is theoretically and experimentally wellstudied. In general the PT and COT peaks are of comparable magnitude and their dependence on T and U are the same, implying that the PT and COT should be simultaneously experimentally accessible. A first difference is that the PT peak is completely insensitive to relaxation processes, since it involves a transition between ground states in different charge sectors. In contrast, the COT resonance consists of two parts. The part which remains even in the limit where the voltage dependence of the occupations is negligible (relaxation faster than the electron cotunneling and / or asymmetric junction Γ L,R ≫ Γ R,L ), is given by:
This expression is valid at the particle hole symmetric point (center of the N = 1 Coulomb blockade regime) in the limit U ≫ h > T > Γ and V > 0. For slow relaxation and Γ L ≈ Γ R the COT peak-height is additionally increased and also an asymmetry between V > h and V < h appears due to the voltage dependence of the occupations [13] . For very small fields and Γ L = Γ R , the COT peak height is seen to be given by 9/2 times that of the PT peak. A second difference is that the PT peak is strongly suppressed for very asymmetric tunnel rates, proportional to the square of the smaller coupling and, characteristically, the forward and reverse bias PT peakheights differ by a factor 4, in contrast to the COT peaks which remain symmetric. Finally, although a magnetic field does not cause a Zeeman splitting of the PT peak, Eq. (3), it does increase the peak height, in contrast to the COT peak, Eq. (4), where the situation is reversed: the peak height is independent of the field, while the position (V = h, independent of V g ) is shifted linearly. Quantum dots with comparable level spacing and charging energy are especially well suited for observation of PT since the background SET current is featureless. In the case of a dense excitation spectrum, e.g. due to coupling to a localized vibrational mode, additional PT resonances complicate a high-resolution spectroscopic analysis. Extending the calculations of the nonequilibrium Anderson-Holstein model in Ref. [9] to finite U we find that PT resonances give a signature similar to SET associated with a very weakly coupled second vibrational mode. Thus, the results presented here are of general importance for the analysis of models dealing with the various complexities of realistic quantum dots. In the non-interacting limit, U = 0, the PT is completely suppressed. In general, PT involves interference between the two contributions (diagrams) shown in Fig. 2(d) . This interference may be constructive, as in the Anderson model, or destructive in other models. Interestingly the relative sign of the interfering contributions is sensitive to the spin of the involved quantum dot states. For a generalized quantum dot model where the doubly occupied ground state is a triplet, we find that the PT is suppressed due to quantum interference and can be induced by a magnetic field. Finally, the PT also shows up in more complex transport quantities such as the current noise, which is sensitive to the effective charge transferred in the tunnel process (which is ±2e here). Extending the real-time approach to the calculation of shot-noise [14, 15] , including non-Markovian effects, we find that the PT resonance is associated with an increased Fano factor. The above examples serve to illustrate that pair-tunneling effects are of general importance for transport through nanosystems. Discussion and conclusion. In this letter we have theoretically predicted a signature of coherent tunneling of electron pairs in the single-electron transport regime, for quantum dots with positive charging energies exceeding the broadening by thermal and quantum fluctuations of charge. Current low-temperature measurements can access such fine details in the first three derivatives of the current with respect to voltage without dropping below the noise level [12] . Also, many molecular and carbon nanotube devices couple strongly to the electrodes, making first and second order transport features compara
